In the last five decades for which tuna fishing data are available, the interannual ENSO 
INTRODUCTION
To explore the underlying mechanisms by which the environmental variability affects the pelagic ecosystem and tuna populations, a spatial environmental population dynamic model (SEPODYM) has been developed (Bertignac et al., 1998; Lehodey et al., 1998; Lehodey, 2001) . The model is a 2D coupled physical-biological interaction model at the ocean basin scale, combining a forage (prey) production model with an age structured population model of targeted (tuna predator) species. The model contains environmental and spatial components used to constrain the movement and the recruitment of tuna. All the spatial dynamics are described with an advection-diffusion equation (see previous references). Input data sets for the model are sea surface temperature, oceanic currents, and primary production that can be predicted data from coupled physicalbiogeochemical models, as well as satellite-derived data distributions. Preliminary simulations (Lehodey, 2001) were able to reproduce the observed ENSO-related spatiotemporal changes in the distribution of skipjack (Katsuwonus pelamis) population (Lehodey, 1997) . However, the run represented a short time-series We have used a new input data set simulated by a coupled physicalbiogeochemical model (Chai et al., in press; Jiang et al., in press) to extend the analysis for skipjack to the Pacific basin over a longer time series . In addition, certain elements of the model parameterization have been improved and are described in this paper. To allow change in tuna behaviour and swimming capability (e.g., rapidly leaving a poor habitat region), functions were added to increase the diffusion and the advection at low values of habitat index, and to vary the movement coefficient in MULTIFAN-CL is currently used for tuna, swordfish, marlin, and blue shark stock assessments by the SPC Oceanic Fisheries Programme, the National Marine Fisheries Service (NMFS) Honolulu Laboratory, the NMFS La Jolla Laboratory and the Japan National Research Institute of Far Seas Fisheries. Technical documentation of most of the model features is provided in Fournier et al. (1998) and Hampton and Fournier (2001a) . Some additional information on recent developments to the software was provided at the last Standing Committee on Tuna and Billfish (Hampton and Fournier, 2001b; Hampton and Fournier, 2002) .
Coupled ocean-biogeochemical model
The biogeochemical model is driven by a physical model that is a full 3D ocean general circulation model (OGCM) Dugdale et al., 2002) .
The model includes both nitrate and silicate as major potential nutrients, two sizes of phytoplankton and zooplankton, nonliving detrital particles, as well as total CO 2 .
Currents are averaged over the 0-30 m surface layer, new primary production is integrated over the euphotic zone (0-120 m), and interpolated with the sea surface temperature (SST) on a grid of one-degree square resolution to be used with SEPODYM.
Spatial environmental population model: SEPODYM -Tuna Forage
Given the large spectrum of prey organisms of tuna and the lack of information on their spatio-temporal dynamics, the tuna forage is modeled as a single population (Lehodey et al., 1998; Lehodey, 2001) . The forage biomass F is modeled as a single population with continuous recruitment (S) and a mortality coefficient (l). The age at recruitment (T r ) is the minimum time needed for the development of forage organisms before being recruited to the forage population. The fraction of biomass transferred from primary to secondary (forage) levels depends on an ecological transfer coefficient. The parameters l and T r which characterize F can be estimated from biological characteristics of keyspecies representative of the forage population (T r + 1/l can be used to define the "mean age" or turn-over time of the population). The spatial dynamic of forage organisms are described with a diffusion-advection equation, using zonal (u) and meridional (v) components of the current for the advective terms in the two horizontal dimensions and a diffusion coefficient reproducing both diffusion of water and random movement of organisms.
With the extension of the model to the whole Pacific basin, the parameterization of the forage population has been revised to take into account regions as different as the warm pool (SST>28 o C) and the subarctic gyre. It is well established that metabolic rates are correlated to temperature. For example, while oceanic anchovy (Encrasicholinus punctifer) in the warmpool are mature at 4 months and have a life span of ~1 yr, temperate anchovy species (SST ~15-22 o C) have a much longer life span and turn-over rates (or population doubling time). In the north west Pacific for example, the Japanese anchovy Engraulis japonicas has a life span of ~3 years and mature at ~1 year (Whitehead et al., 1988) . Anchovies in the upwelling systems of Peru and Chili have similar biological characteristics. Therefore, the two parameters T r and l that characterize F have been linked to SST (Fig. 1) . A preliminary parameterization gives a "mean age" or turnover time for F ranging from 4 months in the warmpool to 12-16 months in the subarctic region (Fig. 1 ).
-Adult habitat index H a
The adult habitat index H a combines the spatial distribution of tuna forage biomass F
) with a temperature function defined for each species (Lehodey, 2001) . Here, the adult group includes also the premature fish or sub-adults older than juveniles (3 months) but younger than the age of maturity for the species. As the model integrates the vertical dimension, the temperature distribution of the species is described by a sigmoid function with a constant maximum after the optimal value. This is to allow for the possibility that fish can always swim deeper to find the optimal temperature when temperature of the surface layer is above this value.
In this application to skipjack, several parameters have been tested for the adult temperature function (q a ) and the function (1) used in this paper (Fig. 2) increases the range of temperature relative to the function used in previous simulations (Lehodey, 2001 ). with a variance _ = 2 (Fig. 2) .
However, other environmental effects are investigated. Along with temperature and physical constraints (e.g. advection creating favourable zones of retention for larvae and juveniles), which are already considered in the model, the food availability and the predation are likely the other major factors that affect larval survival and pelagic fish recruitment. Food of larvae is directly depending of primary production (P), while their predators are organisms included in the tuna forage (F). Therefore, it was interesting to investigate these two opposite effects on the recruitment by using P and F as proxy variables. The equation (2) is used to calculate H s :
with q s the temperature function, P the product of all other effects and a a coefficient allowing to scale the amplitude of these effects. Different combinations of effects have been tested: the temperature alone (simulation S1: a = 0; H s = q s ), the food effect (simulation S2: a = 0.5, and P = P), the predation alone (simulation S3: a = 0.5, and P = 1/F) and both predation and food effects (simulation S4: a = 0.5, and P = P/F).
-Tuna movement Tuna movement is described with an advection-diffusion equation as for the forage.
Tuna larvae are passively transported by surface currents during their first quarter of life (as the forage). Then, young and adult tuna movements are constrained by the adult habitat index. The advection term is proportional to the gradient of the adult habitat and a coefficient of proportionality C o . An additional advective term due to the current can be selected between 0 (no effect) and 100%. In absence of information for this parameter, a medium value of 50% is used. To consider changes in tuna behaviour according to the quality of habitat, i.e. rapidly leaving a poor habitat region or conversely staying in very favourable habitat, a function is used to increase the diffusion (D) and the advection (C) at low values of habitat index (Eq. 3a and 3b). In addition,
both D and C are proportional to the size of the fish. A simple linear relationship is used.
with D a and C ,a the diffusion and advection at age a, L a the fish length (in m) at age a, -Tuna mortality
The total mortality rate (Z) is the sum of natural (M) and fishing mortality (f). The model is age-structured and natural mortality-at-age estimates are those estimated from MULTIFAN-CL. However, these values are expressed in terms of the habitat (cf Eq. 5
in Bertignac et al. 1998) assuming that the mortality rates are increasing in unfavourable habitat. The parameterization has been defined to exponentially increase the mortality rates when habitat values are below 0.1. The habitat index used is the spawning habitat (H s ) for the first age class and the adult habitat (H a ) for the other age classes. The fishing mortality is proportional to the fishing effort, the catchability coefficient of the fishery and the selectivity coefficient for the gear and age (size) considered.
APPLICATION TO SKIPJACK POPULATION AND FISHERIES
Skipjack tuna are the most important tuna resource in terms of contribution by weight and from oceanic waters adjacent to the East Asian coast to 150°W. A spatial stratification with six regions is used (Fig. 4) . For this analysis, fishing activity was stratified by gear, national fleet and region. An additional stratification was used within a same fishing gear when fishing technique or strategy (e.g., purse seine sets on logs, Fish Aggregating Devices [FADs] , or free schools) were substantially different in order to sufficiently capture the variability in fishing operations. Overall, 24 fisheries were defined in the analysis.
In the environmental model SEPODYM, the skipjack tuna population is agestructured as in MULTIFAN-CL to account for growth and gear selectivity. Growth parameters are those estimated from MULTIFAN-CL analyses (Hampton, 2002a) . The average level of total recruitment (or spawning) is adjusted, so that the average level of stock biomass is roughly equal to that obtained independently with MULTIFAN-CL.
While MULTIFAN-CL produces recruitment (i.e. biomass of age 1 quarter for skipjack) and biomass estimates from robust statistical methods, SEPODYM variability in recruitment and biomass are predicted only from environmental constraints. Therefore, comparisons between these two independent estimates may be used to investigate hypotheses regarding the mechanisms controlling recruitment. Each fishery has one constant catchability coefficient and an age-based selectivity function (Lehodey, 2002) . The selectivity functions are adjusted to obtain predicted length frequency distributions of catch in agreement with the observed distribution.
Fishing effort of each fleet vary by month and in space, with a one degree square resolution except for the Philippine and Indonesia fleets that provide data aggregated by five degree square, and year. The catchability coefficients are scaled to obtain estimated catches at the same average level as observed catches. Results of the simulation are evaluated by comparing observed and predicted total monthly catch, spatial distribution of catch and distribution of catch length frequencies for each fishery (Lehodey, 2002) .
RESULTS

Statistical recruitment series
The most recent recruitment estimates from MULTIFAN-CL for skipjack and yellowfin Finally, the latest part of the series could suggest that another regime shift may have occurred in late 1998. If this proves to be the case, confirming these first results and understanding their mechanisms would be of major interest for tuna resource management and would have rapid and direct socio-economic consequences.
New primary production and tuna forage
The physical-biogeochemical model is capable of reproducing many observed features and their variability in the Pacific Ocean (Li et al., 2001; Chai et al., in press; Jiang et al., in press ). In particular it simulates the equatorial region very well with high new primary production in the central equatorial divergence (cold tongue) region (Fig. 6) , as well as the effect of ENSO events with higher temperature anomaly during the El Niño and lower primary production in the cold tongue. Also, the model captures the slowdown of the meridional overturning and decrease of the equatorial upwelling transport (McPhaden and Zhang, 2002) , which has caused primary production and phytoplankton biomass to decrease by about 10% since 1976-77 in the equatorial Pacific.
The predicted forage biomass distribution shows a poleward shift at the equator as a result of the equatorial divergence (Fig. 6 ). There is a decreasing gradient from east to west in the tropical region and high biomass in north and south sub-tropical and temperate region. Sub-tropical gyres and the western tropical Pacific have the lowest forage biomass. However there is a relation between biomass and production. As the forage modelling is linked to temperature, the forage in the western Pacific warmpool has a rapid turnover and the spatial contrast is less marked compared to primary
production.
An illustration of changes associated with the new parameterization for forage Kasai et al., 1995; Heath et al., 1998) . Then, after a larval stage of 1-2 months these small pelagic fishes dispersed by the Kuroshio metamorphose to juvenile. Several months of growth are still needed before a large peak of biomass occurs. Interestingly, the new parameterization improves the synchronism between seasonal peaks of forage abundance and skipjack catch in the Kuroshio extension zone (Fig. 7) . As expected, increasing the mortality coefficient l of the forage population with decreasing temperature leads to lower turn-over but higher biomass. Though predicted large-scale features appear realistic in this region, the coarse resolution of the model does not resolve the Kuroshio Current, which is a very narrow (50 -100 km) jet.
Productivity in the equatorial region has been compared from three different (Fig. 8) , the productivity decreasing during El Niño events. The maximum amplitude of these fluctuations occurs in the central equatorial region, which is the most strongly affected by the ENSO-related variability of the equatorial upwelling. The regime change occurring in the mid-1970s as illustrated by the PDO index is also very clear in the simulated new primary production series extracted from the central region (Fig. 8) , but is much lower in the western region.
Another outstanding feature that appears when comparing western and central equatorial regions is the out-of-phase fluctuations in the time series. This out-of-phase pattern has been previously observed from satellite derived chlorophyll concentrations (Lehodey, 2001; McClain et al., 2002) . It is also visible for the predicted tuna forage, although not with the same regularity, probably because of the strong ENSO-related advection occurring in these regions.
Skipjack population and fisheries
Overall, the estimated length frequency distributions are in close agreement with the observations for pole-and-line, FAD and log fisheries, indicating that selectivity coefficients are reasonably defined (Lehodey, 2002) . The total biomass estimates for the six regions used in the MULTIFAN-CL skipjack application were extracted from the SEPODYM predictions and compared (Fig 9) . And spatial monthly correlations by fishery between observed and predicted catch were calculated for each simulations. An example of the monthly correlation series is given in Figure 10 and average values are compared in Table 1 .
The first simulation (S1) with the spawning habitat index only constrained by SST (a=0) produced relatively low fluctuations in the recruitment and biomass in contrast with the variability predicted from the statistical model (Fig 9) . These fluctuations are linked to expansion or contraction of the spawning temperature habitat in relation with ENSO events. Additional effects (simulations S2 to S4) in the recruitment increase the fluctuations. Simulation S4 combining all effects provides the best result when comparing the estimates from both MULTIFAN-CL and SEPODYM (Fig 9) and the spatial correlations between predicted and observed catch (Table 1) .
Spatial correlations are fairly good with r-values ranging in average between 0.5 and 0.8, excepted for the domestic Japan pole-and-line fishery. This latter fishery is seasonal and associated to the warming of water in summer and the dynamic of the Kuroshio and Kuroshio extension. Clearly, the model has too broad a resolution to capture the dynamics of the Kuroshio and its warm-core rings that form excellent skipjack fishing grounds (Sugimoto and Tameishi, 1992) .
Comparison between skipjack biomass estimates from both MULTIFAN-CL and SEPODYM (Fig 9) shows some discrepancies, and given the many sources of uncertainties in estimating these series, this is not too surprising. Nevertheless, the environmental model seems to capture a large part of the variability. The environmental series shows positive impacts on the skipjack population associated with El Niño events of 1972-73, 1982-83, 1987-88, 1991-92, and 1997-98 , and conversely negative impacts related to the two La Niña events of 1974-75 and 1989. The statistical estimate predict the same variability described for the environmental series, but with higher amplitude in the fluctuations and a peak in 1985 that is not associated with El Niño or La Niña events.
Most of the recruitment of the skipjack population is predicted to occur in the WCPO, but with a large variability related to ENSO. This is illustrated in Fig. 11 where the spatial distributions of skipjack recruitment predicted by SEPODYM are shown for two opposite phases of ENSO. During El Niño, the recruitment increases both in the western and central Pacific. While the positive impact of El Niño events in the central region (region 6, Fig. 4 ) can be linked to the eastward extension of the warm waters of the warm pool, the main factor in the western region (region 5, Fig. 4 ) would be the primary production since water temperature remains high in this area and primary productivity increases during El Niño (cf. above). This increase produces higher P/F ratio particularly since the forage development associated to the higher productivity requires a few months. The situation is reversed during La Niña events. This mechanism can be seen as a good illustration of the Cushing's "match/mismatch" hypothesis (Cushing 1990 ).
The decadal signal that appears in the statistical recruitment and biomass series (Fig. 9) is mainly due to the region 5 (not shown) and could suggest that decadal variability in primary productivity has occurred in the western Pacific; but this is not reproduced by the coupled ocean-biogeochemical model and there are no long term observations available in this region.
DISCUSSION
Recruitment is the fundamental process that drives population biomass variability of tropical tunas. The coherent signals observed through the statistical estimates for three different tuna species give confidence in the results since they are produced from several different large data sets that are independent from one species to another.
Although there will always be some uncertainty in statistical estimates, all series suggest correlation with both interannual and decadal climate indices. El Niño events appear to be favorable to skipjack and yellowfin recruitment while south Pacific albacore recruitment is enhanced by La Niña events. However, there is a peak in skipjack recruitment that is not associated to extreme phases of ENSO. It might be real or reflect a source of variability that is not yet described in the statistical model. 
